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Traditionally, sardine Sardinops sagax has been the
backbone of the Namibian pelagic fishing industry. In
the 1950s, soon after commercial fishing started, esti-
mates put the size of the region’s sardine stocks at
around 5 million tons (Butterworth 1983). Successive
years of good recruitment during the late 1950s and
early 1960s caused the population to increase to more
than 10 million tons by the mid 1960s (Crawford et
al. 1987), after which a series of stock crashes resulted
in a biomass of only a few thousand tons by 1996
(Boyer et al. 2001). Catches have fallen concomitantly
from a peak of 1.4 million tons in 1968 to a low of 
2 400 tons in 1996 (Fig. 1). During that period more
than 15 million tons of sardine were harvested from
the northern Benguela (Boyer et al. 2001).
Following the halcyon years of the 1960s and mid
1970s, the sardine fishery has been managed in a
manner intended to enhance recovery. Total allowable
catches have been kept relatively low and bycatches
of juvenile fish have been strictly limited. Since
Namibian Independence in 1990, a constant proportion
of the adult stock, 18%, has been used as the basic
criterion for setting catch levels (Boyer et al. 2001).
This equates to a fishing mortality of approximately
0.2 year -1.
Changes in fish stock abundance have resulted in
alterations in biological parameters of several fish
stocks worldwide (Blaxter and Hunter 1982, Wootton
1990, Cury et al. 2000). As a general rule, teleosts
react to high adult mortality by decreasing age at matu-
rity (Rochet 1998), although Murphy (1977) reported
that density-dependent changes in growth are less clear
in clupeiforms than in many other teleosts. Never-
theless, Armstrong et al. (1989) reported a decreased
length at maturity for South African sardine coinciding
with a collapse in the biomass of the stock. Any
changes in key biological parameters might signifi-
cantly influence stock behaviour and production. In
some situations, populations may be reduced to such
an extent that changes in fecundity, mortality or growth
are of such character that the stock may not be able to
recover. An understanding of such changes is clearly
of importance to the management of any stock, espe-
cially where that stock has been heavily depleted, as in
the case of the northern Benguela sardine.
This study focuses on changes in key biological
parameters of the northern Benguela sardine stock
since exploitation started. These changes are discussed
in relation to fluctuations in stock abundance. 
MATERIAL AND METHODS
Values from the literature have been used for para-
meters prior to the 1990s. Data from surveys and
commercial catches form the basis of estimates of
parameter values for the past decade. Since 1990, three
acoustic surveys of abundance have been conducted on
average each year, most in autumn (February–April)
or spring (October – November). Those surveys 
targeted the fishable stock and pre-recruits respectively.
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In addition one sample of fish per 500 tons of commer-
cial catch has been collected from landings. Details
and procedures of surveys and sampling are given in
Boyer et al. (2001).
During the period investigated, data collection and
assessment were conducted primarily for immediate
management purposes rather than to describe biological
processes (Boyer et al. 2001). The data are therefore
not always ideal for the latter purpose. Consequently,
simple methods have been chosen for the analysis
rather than sophisticated ones more demanding of
data. In an attempt to validate the results, several
methods, using different sources of input data, have
also been used.
Age distribution
At present there is no validated age determination
method for the northern Benguela sardine, largely
because a lack of seasonality in the northern Benguela
marine system results in a lack of clear annuli in the
hard structures of sardine (Kerstan 1997, Waldron
1998). Age determination based on otolith zonation
pattern seems, however, to be precise and in line with
length frequency analyses for the youngest age-classes
(Baird 1970, Thomas 1985, Kerstan 1997, 2000,
Waldron 1998). To be able to compare the age distri-
bution and other population parameters with values
found in the literature, catch and survey data from
the 1990s were divided into age-classes deduced
from length frequencies. Studying length frequencies
from individual commercial catches from consecutive
months gave a good indication of the different cohorts
present in the stock. The cohorts were also found
during the scientific surveys, although the length fre-
quency in one area often differed from that in another,
indicating spatial separation of the cohorts. Techniques
normally used to decompose length distributions
were not suitable when dealing with composite length
frequencies from surveys. Also, the existence of two
peak spawning periods during a single spawning season
complicated the use of such methods. For some of the
areas, however, the Bhattacharya method (Sparre and
Venema 1992) could be used to separate cohorts using
the FISAT (FAO-ICLARM Stock Assessment Tool)
software. 
Based on this, the total length frequencies from
each survey were divided by eye into three age-classes,
using the abundance of fish and the length frequency
within separate areas together with the results from
the Bhattacharya method as a guide (Fig. 2). The length
frequencies from the different areas were of consider-
able help when dividing what appeared to be a single
distribution of I+ fish during several surveys. When
the results from this splitting were used to estimate
growth parameters, they agreed closely with previous
estimates (Agnalt 1995). Through frequent surveys
and sampling of commercial catches, the different
cohorts can be followed closely (Boyer et al. 2001).
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Fig. 1: Total biomass of northern Benguela sardine estimated by VPA (1952–1988, after Le Clus et al. 1988)
and acoustic surveys (1990–2000), and annual catches, 1952–1999
Possible changes in the rate of growth are therefore
not believed to have influenced the dividing of cohorts.
It was assumed that all fish spawned during the same
spawning season were hatched on 1 January and there-
fore were treated as a 0-group until the following 
1 January. 
Although dividing cohorts from length frequencies
is not the best method for determining age structure
of a stock, it is believed to give an indication adequate
for the purpose of the present study. Splitting 0-group
fish from older cohorts was carried out in an easy
and precise manner. Failing to divide the I- from the
II+ group accurately will, when used in mortality esti-
mation, be averaged, so this potential error is believed
to be of little importance in the analysis.
The use of the proportion of 0-group fish as an indi-
cation of longevity makes it possible to use the same
method for the complete time-series. The method is
independent of previous age determination, but it
may be sensitive to changes in the rate of natural
mortality used in the assessment before 1990; it will
also reflect variability in annual recruitment. The
proportion of 0-group fish in the stock is likely to in-
crease if longevity is reduced, so that proportion was
used to give an indication of changes in age compo-
sition and longevity. 
Thomas (1986) described changes in mean age for
the northern Benguela sardine stock. For the 1990s
mean age was calculated to the beginning of each
year, based on splitting survey data as detailed above.
As there were few fish older than two years in the
catches, it was assumed that the existence of older fish
would have little influence on the average age. Mean
age was calculated from the equation
Mean age = [(N0gr*0) + (NIgr*1) + (NII+gr*2)]
/ total N in the stock .
Numbers of fish in each year-class on 1 January were
obtained by back-calculation of I- and II+ group fish
from the March survey and 0-group fish back from
the November survey. The calculations were adjusted
for catches between 1 January and the individual sur-
vey, and the rate of natural mortality (M) was assumed
to be 0.8 year-1 (MacCall 1986, Boyer et al. 2001). To
gain an indication of how sensitive this calculation
was regarding M, recalculations were made using M
values of both 0.5 and 1.2. On average, the  estimated
mean age for the 1990s changed by -5.2 and 6.7% 
respectively. An indication of sensitivity in the calcu-
lation of mean age towards the possibility of having
several age-classes in the II+ group was given by 
assuming that 50% of the II+ group was 3 years old.
Recalculation of mean age using this assumption in-
creased the estimated mean age by less than 10% on
average.
















































Fig. 2: Length frequencies for five surveys of sardine biomass
between November 1997 and April 1999. Vertical
dashed lines indicate the sizes used to differentiate the
year-classes (0, I and II+), and X indicates the same
year-class
Mortality
Mark-recapture studies were carried out in the early
1960s and natural mortality then was estimated to be
less than 0.59 (Newman 1970). On that basis, Butter-
worth (1983) used 0.5 year -1 as input in a virtual
population analysis. By the end of the 1980s and at
the beginning of the 1990s, scientists decided that this
level of natural mortality was seemingly too low. As a
result, the estimated M of sardine stocks in the southern
Benguela (the South African stock; Glazer and Roel
1996) was adopted for northern Benguela sardine.
Since 1990, a value of M of 0.8 year -1 has been as-
sumed for Namibian sardine (Boyer et al. 1997).
The surveys had coefficients of variation (CVs) on
the order of 25%, so imprecise estimates of biomass
were expected (Boyer et al. 2001). However, because
the calculation of M was made repeatedly over long
periods during the decade, the changes in the esti-
mated value of M were unlikely to be caused by sur-
vey variance alone. Size-selectivity in the surveys,
such that older fish were potentially not surveyed,
could result in a higher M. However, this possibility
seems unlikely because the length structure in com-
mercial purse-seine catches was similar to that on the
surveys (trawl catches), suggesting that fish were not
being missed consistently by the surveys (Boyer et
al. 2001). The steady improvements through larger
nets and vessels used by the commercial fleet further
suggest that the catchability of large fish had not de-
creased. Splitting of cohorts allowed age-classes to
be treated separately, so possible biases between
them in the survey estimates could not explain the in-
dications of a higher M in all age-classes.
M was calculated between surveys and between
years using the formula of Sparre and Venema (1992):
M = -ln ((Nt,c + C) /N0,c)   ,
where Nt,c is the number of fish at time t in cohort c,
C the number of fish from cohort c caught between N0
and Nt, and N0,c is the previous estimate of number
of fish in cohort c. The equation ignores the effect of
natural mortality on the fish caught and assumes that
all fish caught would have stayed alive. This would
lead to M being underestimated. The extent of this
bias depends on the proportion between C and N.
Calculations between years were made from the
number of I-group fish during one year and the number
of II+ group the year after, and similarly between 0-
and I-group fish. The use of a plus group will, of
course, result in a slight underestimate of M.
Given the potential sources of error in the esti-
mates of M from the direct calculations, the impact
of different values of total mortality on biomass over
time was examined for comparison. A spreadsheet
model was used to simulate the trajectory of total
biomass over time of the sardine stock in November
each year of the 1990s. These values were compared
with survey estimates. The model input was the esti-
mated number of 0-group fish in November each
year from recruitment surveys (Boyer et al. 2001) and
an assumed rate of total mortality (Z). The model in-
cluded four age-classes and the average weight of each
age-class in November was used in estimating total
stock biomass (35, 86, 100 and 125 g for 0-, I-, II-
and III+ group fish respectively). The number of fish
of age i at time t was estimated from
Nit = Ni–1,t–1*e-Z ,
where Ni–1,t–1 is the number of fish of age i-1 during
the preceding year.
The number of recruits was taken directly from the
estimated numbers on surveys each year, namely:
Nrecruits = Estimated Nrecruits .
At the starting point, i.e. 1991, the numbers of 0-, I-
and II+ group fish estimated during the November
survey of that year were used. Simulated biomasses
were not sensitive to changes in these values. For ex-
ample, when the values were increased or decreased
by 50%, the simulated biomass changed by 12%
after two years and by <5% after four years. The
model was run several times using different values of
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Table I: Theoretical calculations of natural mortality for the northern Benguela sardine stock based on two sets of stock
parameters (see text for different methods of estimating M)
Estimated M (length-based) Estimated M (age-based)
Technique K = 1, Linf = 27.1 cm, tm = 1.8 years, K = 1.49, Linf = 22.7 cm, tm = 1.8 years,
tmax = 6 years, T = 15ºC tmax = 5 years, T = 15ºC
Pauly (1980) 1.37 1.87
Beverton and Holt invariant (Jensen 1997) 1.60 2.38
1% rule (Alagaraja 1984) 0.77 0.92
Rikhter and Efanov (1977) 0.84 0.84
Z and the outcome compared to the estimated biomass
from the surveys. The value of Z that best fitted the
yearly biomass estimates in November was estimated
using a fitting criterion that minimized the sum of the
squared differences between observed and fitted
biomasses.
A third method used to obtain an indication of M was
through empirical calculations (Rikhter and Efanov
1977, Pauly 1980, Alagaraja 1984, Jensen 1997).
These methods are based on the relationships between
population parameters, environmental temperatures
(used by one technique) and mortality for a number
of fish stocks worldwide. Theoretical rates of natural
mortality were calculated using four different tech-
niques and with two sets of input data (Table I).
Average environmental temperature was assumed to
be 15°C, but failing to assume the correct temperature
by up to ±5°C had little influence on the estimation of
M by such a method.
The first set of stock parameters used in the calcula-
tion was derived from a length-based calculation of the
von Bertalanffy growth parameters from length fre-
quencies for the years 1990–1995 (Sparre and Venema
1992). A new set of parameters was estimated using
the cohort-slicing method for the 0-II+ year-classes.
This allowed calculation of the growth parameters
based on length-at-age data from six year-classes
(Von Bertanlanffy 1934). 
These empirical methods of estimating M are all
subject to considerable error, resulting from the im-
pact on M of other variables not included in the model,
and the results are therefore imprecise. However, they
frequently provide the only available estimates of M
for a stock and, in this study, are considered suffi-




Age determination of fish showed fish up to 10 years
of age during the 1950s and 1960s (Le Clus et al.
1988). This was reduced to 5 or 6 age-classes by the
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Fig. 3: Estimated proportion of 0-group sardine in the total stock, the observed proportion in commercial catches,
and the estimated number of 0-group fish at 1 January each year, 1952–1999
mid 1970s (Le Clus et al. 1988) and, by the end of
the 1980s, only a small proportion of the population
was aged three years or older (Hewitson and Gilles
unpublished, cited in Boyer et al. 1997). Splitting the
length frequencies indicates few sardine two years of
age or older during the 1990s.
On average, the proportion of 0-group fish in the
population was higher during the last two decades
than in earlier decades (t = -3.49, df = 43, p = 0.001),
indicating a reduction in longevity (Fig. 3). The
mean proportion of 0-group in the stock before 1980
was 0.406 (SE = 0.021, CV = 0.279), and after 1980,
0.596 (SE = 0.061, CV = 0.422), indicating an in-
crease in the proportion of 0-group fish in the stock
by 50%. Although the proportion of 0-group fish in
the stock was stable during the early years of the
fishery, it started to fluctuate widely after the stock
collapsed in the mid 1970s, largely because of the
small stock size and the fluctuations in recruitment
after the collapse (Fig. 3). The estimated proportion
of 0-group fish in the stock matched the proportion
of 0-group fish observed in landings between 1970
and 1988. During the 1990s, restrictions on catching
0-group fish were introduced (Boyer et al. 2001).
The estimated mean age of the sardine stock has
been highly variable from year to year (particularly
post-1970), again as a result of low abundance and
recruitment variability. If the decrease in mean age
reflects actual changes in stock dynamics, it may in-
dicate reduced lifespan (Fig. 4). It should be noted
that, by calculating mean age for the period before
1990, using the same formula as used post-1990, the
differences between the two series are less pro-
nounced.
Mortality
When M was calculated for different age-classes be-
tween surveys, the estimates varied between -0.6 and
4.72 year-1 (mean = 1.74, SD = 1.24, n = 35), suggesting
a high average M. The variability around this mean
may be a result of the survey variance, or a reflection
of a varying M, or perhaps both.
The estimated total biomass from the simulation
model followed the trend of total biomass estimated
by the surveys (Fig. 5). The simulation predicts that,
with a Z of 0.5 year -1, the biomass of the stock
would have fluctuated around a million tons during
the 1990s and, even with a total Z of 0.8 year -1, the
model predicts a biomass about twice the size of the
acoustic estimates. Using a value of Z of 1.2 year -1
resulted in the predicted biomass being still above but
much closer to the observed values. A Z of 1.44 year-1
gave the best fit to the survey estimates. Assuming
that F was kept at 0.2 (Boyer et al. 2001), the simu-
lation model consequently indicates an average M of
some 1.2 year -1.
The theoretical calculations of M are in line with the
other indications and suggest an M between 0.77 and
2.38 year-1, with an average of 1.15 and 1.51 year-1
for the two sets of input data (Table I).
DISCUSSION
Age distribution 
Knowledge of the age structure of a fish stock is crucial
to producing the best possible advice on management.
However, age determination is often difficult, and
knowledge of its accuracy and precision is lacking
for most species (Beamish and McFarlane 1983).
The northern Benguela sardine is no exception. With
the current few age-classes in the stock, it seems rea-
sonable to assume that splitting length frequencies
would provide an accurate indication of the overall
age structure of the stock (Thomas 1985, Kerstan
1997, Boyer et al. 2001).
From age determination exercises on otoliths prior
to 1985 and splitting of length frequencies in the 1990s,
there is a clear but steady decrease in the number of
age-classes in the stock. Although age determination
is expected to be inaccurate especially among older
age-classes, this steady and marked decrease is be-
lieved, at least to some extent, to reflect actual changes
in the age composition of the population.
The observed changes in the number of age-classes
present in the stock, the proportions of 0-group fish
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Fig. 4: Estimates of the mean age of the population each
year, 1952–1999 (smoothing based on raw data –
Clevland 1979). Data prior to 1985 after Thomas
(1986)
and the calculated mean annual ages together indicate
a marked decline in longevity over the past four decades
(Thomas 1986, Le Clus et al. 1987). The result is in
line with the observation of strong year-classes only
resulting in greater biomass for short periods of 1–2
years during the 1990s (Boyer et al. 2001).
Mortality
In most situations, precise estimation of total mortality
is difficult (Pitcher and Hart 1982). Owing to the im-
portance of this parameter in fish stock assessment,
estimates often have to be made with inadequate in-
formation. Methods used to estimate natural mortality
are, in particular, sensitive to the accuracy of abun-
dance estimates or other biological parameters used
in the calculation. A high level of survey precision is
therefore critical if mortality estimates are to be based
on survey data. Barange et al. (1996) indicated that
the target strength used during acoustic surveys of
southern African sardine might be 1.5 dB too low. If
those authors are correct, this would mean that the
survey results used for analysis of northern Benguela
sardine would overestimate stock size by at least
30%. Although this would not affect the estimation of
total mortality, it would increase the proportion of the
total mortality attributable to fishing compared to that
attributable to natural causes. However, most other
biases in the survey estimates, notably signal at-
tenuation in dense schools, vessel avoidance and fish
lying outside the survey area, are negative and hence
would (at least partially) compensate for any over-
estimate caused by an incorrect target strength.
The between-survey estimates of mortality suggest
a higher M in the 1990s than in previous decades.
This was supported both by simulating stock biomass
and by theoretically calculating M. Some variation
between the methods was observed, but all suggested
an M >1.0 year-1. The observed change in age distri-
bution agrees well with these findings. A natural mor-
tality rate >1.0 year-1 is, however, high compared to
other sardine stocks (Pauly 1980, 1983, Glazer and
Roel 1996). Such a mortality rate would reduce the
number of fish in an age-class by about 70% from
one year to the next and would act as a strong force in
determining the structure of the population (Stearns
1976, Cardinale and Modin 1999). 
A number of other biological parameters are often
linked to long-term changes in population abundance
(Wootton 1990). Describing changes in different bio-
logical parameters might therefore help explain what
caused the changes in abundance as well as showing
how other stock parameters were influenced.
The relationship between spawner stock biomass
(SSB) and the resultant recruitment can indicate the
success of a given adult biomass in producing recruits
(ICES 1997). SSB-recruitment data for the sardine
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Fig. 5: Total sardine biomass estimated from acoustic surveys, and levels of biomass simulated using annual
recruitment and values of total mortality (Z) of 0.5, 0.8, 1.2 and 1.44, 1991–1999
stock in the northern Benguela are documented by
Thomas (1986) for the period 1950–1985 and by
Boyer et al. (2001) for the period 1990–2000. They
are combined here to illustrate long-term changes in
the relationship (Fig. 6). There seems to have been an
overall reduction in recruitment since the 1960s, and
particularly since 1975, when both recruitment and
SSB were low. During several years of the 1990s,
however, recruitment seems to have been relatively
high compared to the estimated SSB.
In sardine, different sex ratios can be explained by
females having the potential to grow older than males
(Baird 1970, Thomas 1986). Thomas (1986) docu-
mented a change in the sex ratio of sardine catches
from 1:1.8 in the 1950s to 1:1.2 during the 1970s.
During the 1980s and 1990s the sex ratio was stable
at between 1:1 and 1:1.2 in both surveys and catch
(Thomas 1986, NatMIRC unpublished data). However,
it is not possible to test the significance of these
changes or to exclude the possibility of bias having
been introduced by changes in the fishing pattern.
Nevertheless, if this change in sex ratio reflects a real
change in stock structure, it suggests a reduction in
the longevity of the longer-lived female portion of the
population. This further supports the contention of an
increased rate of mortality over the past four decades.
Together with Pacific sardine Sardinops sagax, the
northern Benguela sardine stock is among the few
clupeiform populations that have failed to reach pre-
exploitation biomass levels following a fisheries-induced
collapse to a state where a few young age-classes now
dominate the population. For Pacific sardine, Butler
et al. (1996) suggested that the situation had been in-
fluenced by increase in natural mortality. In addition,
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Fig. 6: Spawner stock biomass (II+ group) and resultant estimates of recruitment of northern Benguela sardine,
1952–1999. Data from the 1990s are shown as circles, and Ricker’s spawner stock-recruitment relationship
(Sparre and Venema 1992) is fitted to the data
age at maturity of the Pacific sardine dropped signifi-
cantly after the population crashed (Butler et al. 1996),
similar to the observation by Thomas (1986) for the
northern Benguela sardine. Understanding how these
changes are induced and how they affect production
and abundance might bring management advisors closer
to understanding the dynamics of both populations.
CONCLUSIONS
The estimates of biomass show marked reduction in
sardine abundance since the start of the fishery (Fig. 1).
A combination of excessive fishing and recruitment
failure seems to have been the reason for the stock
collapse in the 1960s and 1970s (Cram 1981). Since
the mid 1970s, however, fishing mortality increased
and was an important cause of mortality until 1990
(Thomas 1986). During that period, relatively large
numbers of juvenile sardine were caught in the ex-
panding anchovy Engraulis capensis fishery, and the
total catches of sardine probably resulted in both
growth- and recruitment-overfishing (Thomas 1986,
Le Clus et al. 1987, 1988). 
The changes in abundance, mean age and natural
mortality have taken place gradually since exploitation
started. Reduced recruitment success would also lead
to lesser abundance, but it cannot explain changes in
mean age, number of age-classes, increased natural
mortality, or possible change in sex ratio. The most
likely explanation for the reduced abundance seems
to have been, at least partially, an increase in total
mortality. 
Except for a few years, there was a marked reduc-
tion in fishing mortality of northern Benguela sardine
after 1990. However, by the end of the decade, the
stock had shown no sign of real recovery (Boyer et
al. 2001), so it can be concluded that other processes
have prevented recovery of the stock. A possible
change in growth rate would give an indication of
whether or not the availability of food might control
biomass. There are several indications of a density-
dependent response, where the rate of growth seems
to have increased after the stock collapsed, as shown
by changes in length-at-age, weight-at-age, condition,
age and size at maturity and changes in ovary weight
over time (Thomas 1986, Le Clus 1990). Although
there are several methodological problems in all of
these comparisons (Thomas 1986), there are no indi-
cations that the present depleted state of the sardine
stock was caused by scarcity of prey and hence reduced
rate of growth. From 1970 until the end of the 1980s,
the total biomass of sardine and anchovy was probably
reduced by more than 90% (Le Clus et al. 1987,
1988, Boyer et al. 1997, 2001). Seeing the key role
small pelagic species play in most marine systems,
this reduction must have influenced the functioning
of the ecosystem (Bakun 1996, Cury et al. 2000).
For many piscivores, small pelagic species often
act as important sources of food (Crawford 1987,
Young and Cockcroft 1994, Nilssen et al. 1995, Pillar
and Wilkinson 1995, Cury et al. 2000). Owing to re-
duced abundance during the past three decades, less
food has been available to the predators of small pelagic
fish species in the northern Benguela. The shortage
resulted in mass starvation of Cape fur seals Arcto-
cephalus pusillus pusillus and bank cormorants Phala-
crocorax neglectus during 1994 and 1995 (Roux
1998, Cury et al. 2000). However, a reduction of
available prey will also increase predation pressure
on the remaining individuals (Wootton 1990). 
Normally, it can be assumed that, if predation were
to bring a stock down, it would be followed quickly
by a reduction in the number of predators, allowing
the prey species to recover as a consequence of their
shorter life cycle. In the northern Benguela, the Cape
fur seal is one of the major top predators of pelagic
fish (Wickens et al. 1992). The seal population was
close to extinction in the early 1900s (David 1989),
but it increased to about a million individuals by the
mid 1990s (David 1997). Together with indications
of species replacement (e.g. by horse mackerel
Trachurus trachurus capensis) after the sardine stock
crashed (Boyer et al. 2001), such a growth rate in a
predator population may provide some explanation of
why the rate of mortality of sardine has escalated over
a longer time period.
Different explanations for the failure of the sardine
stock to recover have been proposed (Beckley and van
der Lingen 1999, Schwartzlose et al. 1999, Boyer et
al. 2001). The orders of magnitude in the fluctuations
in population size of northern Benguela sardine indi-
cate that the system may have gone through a regime
shift, as described for other sardine populations
(Jacobson and MacCall 1995, Wada and Jacobson
1998). Originally it might well have been a “wasp-
waist” or “bottom-up” system, in which sardine acted
as controller of both predator and prey or where sar-
dine abundance was controlled by lower trophic levels
respectively (Bakun 1996, Cury et al. 2000). Indications
of increased natural mortality at the present low level
of biomass, however, indicate that sardine are now
more heavily controlled by predation, i.e. subject to top-
down regulation.
Both literature and the results in this study suggest
that changes in biological parameters have been driven
by the reduction in sardine abundance caused by
overall increase in total mortality. The fishing pressure
during the past four decades has been at least one of
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the reasons for the increased total mortality. Whereas
high fishing pressure contributed to the stock collapse
and low abundance during the 1970s and 1980s, mor-
tality rates at present seem to be controlled mainly by
other factors. The low biomass of sardine compared to
previous levels is believed to make the population
more vulnerable to predators. This may explain why the
rate of natural mortality has increased and remained
above historic levels.
Effort should be made to describe the controlling
factors of natural mortality so that an understanding of
the underlying mechanisms can be obtained (Hollowed
et al. 2000, Boyer et al. 2001). If the indications of
this study prove correct, the present level of mortality
is likely to reduce permanently the available yield
from the stock, and also reduce the likelihood of re-
covery even in a fishery moratorium situation.
The implications for management might therefore
be to evaluate other possibilities for inducing recovery
of the sardine. An option could be to introduce tighter
controls, perhaps through multispecies management
options, until the mechanisms controlling the rate of
mortality are better understood, and the population,
with or without human interference, is able to stabilize
at a higher biomass.
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